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Abstract

High porosity silicon carbide (SiC) foam with nanosized grains was synthesized by a newly developed process involving two steps: (i)
preparation of Si/C foam by gel-casting technique and (ii) fabrication of SiC foam by combustion Si/C foam in nitrogen atmosphere. The as-
synthesized SiC foam with a high porosity in the range 70-90% exhibited an attractive strength up to 1.6 MPa. SEM analysis showed that the foam
struts consisted of tightly bonded SiC particles with a grain size of 80-300 nm.
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1. Introduction

SiC foam has been widely used as diesel particle filters for
internal engines, high temperature catalyst carrier and heat
insulation materials, due to its unique combination of low
thermal-expansion coefficient, good thermal-shock resistance,
as well as excellent mechanical and chemical stability at
elevated temperature [1-4]. The conventional way of fabrica-
tion of SiC foam includes replication technique, gel-casting
technique and reaction bonding methods, following by high
temperature sintering process [5—7]. However, the great energy
consumption and abnormal grain growth were inevitable during
the sintering process. Hence, it is significant to develop a new
process for producing SiC foams without long time sintering at
elevated temperature.

Gel-casting is a new processing route for the fabrication of
highly porous ceramics. This method, originally developed by
Oak Ridge national laboratory for the fabrication of dense
ceramics [8], combines the foaming of aqueous slurry of
ceramic powder and organic monomers and the in situ
polymerization of the foamed slurry. A successful application
of this process is to produce the high strength Al,O3 foam with
porosity over 85% [9].
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Combustion synthesis has been widely used in fabricating
many ceramic materials dense and porous due to the short
production cycle, high product purity, especially the energy
saving nature [10,11]. Direct preparation of high-porous foams
by combustion synthesis is also possible by using of gasifying
agent or due to impurity degasification in combustion wave
[12,13]. However this method is very sensitive to conditions for
pore formation and suitable for restricted number of ceramic
materials.

The present work is focused on exploring more universal and
reproducible fabrication technique of high porosity SiC foam by
combining the gel-casting technique with combustion synthesis.

2. Experimental
2.1. Materials and chemicals

The raw starting materials used in this work are silicon (Si)
powder (purity, 99%, size, 2-20 pm), activated carbon (C)
powder (purity, 99.9%, size, 10-50 nm), and all other reagents
used in this work were analytically pure. The Si/C powder
mixtures with a mole ratio of 1:1 were used as raw materials for
forming the high-porous Si/C foam, and n-Octylamine was
used as foaming agent.

For the gel-casting process, acrylamide (AM) was used as
monomer, difunctional N,N’-methylenebisacrylamide (MBAM)
was coupling agent. The initiator was ammonium persulphate
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(APS), and the catalyst was N,N,N’,N’-tetramethylethylenedia-
mine (TEMED). Moreover, tetramethylammonium-hydroxide
(TMAH) was added into the slurry to control the pH value.

2.2. Process of synthesis of SiC foam

The process of synthesis of SiC foam was described in Fig. 1.
Previously, an aqueous solution with 6 wt% AM/ MBAM
(weight ratio 20:1) was prepared as the premix solution, and then
the foaming agent was added into the premix solution by
mechanical stirring for 0.5 h, after that the Si/C powder mixtures
were added into the above solution till the solid loading in the
suspensions reached 50 vol%. The suspension was vigorously
stirred for 10 min to generate homogenous foam slurry.
Simultaneously, TMAH was added into the slurry to adjust
the pH value to 10. The slurry was then poured into a stainless
steel mould and kept at 80 °C for monomers polymerization.
After monomers polymerized, the green bodies were de-molded
and dried at 120 °C under controlled humidity to avoid cracking
and non-uniform shrinkage. The dried Si/C foam was loaded
directly into a porous graphite crucible, and then the crucible was
put into a high pressure vessel for carrying out the combustion
synthesis. The high pressure vessel was evacuated to a vacuum
degree of 1 x 107 MPa followed by backfilling with N, to
4 Mpa. The combustion reaction of the Si/C foam was ignited by
passing an electric current (10 A) through a tungsten coil placed
above the sample. The reaction temperature was recorded by a
W-Re3/W-Re25 thermocouple, which was directly inserted into
the reactant.

2.3. Testing method

The density of the as-synthesized SiC foam was measured
by the Archimedes method. The microstructure was investi-
gated by scanning electron microscope (SEM; HITACHIS-
4300). Phase composition was conducted by X-ray diffraction
analysis (XRD, Rigaku D/max 2550V, Japan) with Cu Ka

Powders (Si/C)

Premix solution «— pH Adjusting reagent

Agitation

Catalyst, Initiator Foaming agents

Casting in the mould

|

De-molding, Drying

}

Combustion synthesis SiC Foam

Fig. 1. Flow chart for processing the SiC foam.

radiation, operating at 40 kV and 100 mA. The samples were
machined to 3 mm X 4 mm x 40 mm for testing the three-
point bending strength (Autograph AG-1, Shimadzu, Japan)
with a support distance of 30 mm and a cross-head speed of
0.5 mm/min. The strength was obtained from the average value
of five samples measured.

3. Results and discussion

The combustion synthesized SiC foams in light green
exhibited high porosity and satisfied strength. The typical
picture of product with a dimension of 14 cm x 8 cm x 3 cm
was shown in Fig. 2. The striations corresponding to the
combustion wave propagation were clearly seen on the top
surface of the product. The width of each combustion wave
zone was about 3 mm. This indicates that combustion reaction
in the Si—-C-N system probably has taken place by an
oscillating mode. The combustion temperature profile of the
Si/C foam reactant presented at Fig. 3 also looks typically for
oscillating mode. Nevertheless the same temperature profile we
may expect in heterogeneous reaction media such as the Si/C
foam reactant body [11,14].

X-ray diffraction patterns of the products with different
densities are shown in Fig. 4. The major phase in all products
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Fig. 2. Photograph of the as-synthesized product.
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Fig. 3. Combustion temperature profile of the Si/C foam reactant with
p=0.5 g/em®.
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Fig. 4. XRD patterns of the products synthesized from Si/C foam reactants with

different densities: (a) p,=0.31 g/crn3; (b) p,=0.50 g/cm3; (c) p.=0.64 g/
em®; (d) pg=0.91 g/cm3.

was B-SiC, with the trace amount of Si,N,O detected. The
most detailed description of multistep mechanism of chemical
reactions during combustion in the Si—~C-N system and its
influence on microstructure and phase transformations pre-
sented in Ref. [15]. This multistep mechanism implies
formation of some amount of SizN, as intermediate product.
In present case, Si,N,O may be derived from the reaction
between SizN, and SiO,. Generally, some SiO, (about
0.8 wt%) exists on the surface of Si powder and additional
amount of SiO, (up to 3 wt%) can arise from the chemical
reaction of Si powder with oxygen containing polymer binder.
Therefore, the peaks of Si,N,O were clearly observed in the
XRD patterns.

The maximum combustion temperature and the density of
SiC foam were closely related to the density of Si/C foam, as
shown in Fig. 5. The porosity of the SiC foam was from 73% to
91%. The floating effect of the as-synthesized SiC foam shown
in the inset of Fig. 5 was a good indication of the high porosity
reached. With an increase in the density of the Si/C foams from
0.31 g/lem® to 0.91 g/em®, the corresponding combustion
temperature changed from 2123 K to 2195 K.

2200
0.9 - e _Temperature T
s [ —a—Density ]
E 0.8 <2180
I g
a 071 T E
= | 12160 @
S 06} * 1 g
e | —— | ]
£ o 5
w 05 ' —12140 g—
= | ey 52 1 7}
Z2 041 o B T =
) | Floating of SiC 12120
a 03l foam in water i
0.2 | (- (" L. [ — (I | E— L ‘ 2100

03 0.4 0.5 0.6 0.7 0.8 0.9
Density of green bodies (g:'cm3)

Fig. 5. The dependence of product density and combustion temperature on the
density of Si/C foams, and the inset shows the suspension of SiC foam.
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Fig. 6. The strength of SiC foams with different porosities.

As shown in Fig. 6, the strength of the synthetic SiC foam
was strongly dependent on its porosity. The maximum flexural
strength reached 1.6 Mpa with a porosity of 73.2%. When the
porosity increased to 91.5%, the strength decreased to a much
lower value of 0.1 MPa. It is also noticed that the strength of
SiC foam reached 0.8 MPa at the porosity level of 84.3%,
which is high enough for the melt filtering purpose in steel
making industry.

SEM images of as-synthesized SiC foam were shown in
Fig. 7. It could be observed that the pore size was smaller than
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Fig. 7. SEM images of the porous structure in the combustion synthesized SiC
foam: (a) the fracture surface and (b) the strut of SiC foam.



1904 J.F. Qiu et al./Ceramics International 36 (2010) 1901-1904

300 wm, and the grain size of SiC particles in the foam strut
ranges from 80 nm to 300 nm. Most of fine grains were tightly
bonded to make up the foam struts, which could be attributed
to the high sintering degree in the combustion synthesis
process. Such dense struts accorded with the relative high
strength of the combustion synthesized SiC foam with
porosity of 80%.

According to the solution re-precipitation mechanism, the
grain size of SiC powders fabricated by combustion synthesis
depends on the starting carbon powder [16]. In present case,
the grain size of SiC particle formed in the foam struts was
much larger than that of carbon. Meanwhile, Si/C foams were
prepared without sintering additives such as Al,O; and/or
Y,03, which are typically used for the densification of SiC
ceramics. In this way, it is thought that the dense struts with
high strength were not produced by the solution re-
precipitation mechanism. It has been reported that the
sintering of B-SiC ceramics is generally controlled by the
evaporation—condensation mechanism with a sintering tem-
perature above 2323 K [17]. However, in our experiments the
maximum temperature is only 2123 K in present case, as
shown in Fig. 3. The mechanism for the formation of the
dense struts in the SiC foam is not very clear at present, which
will be investigated later.

4. Conclusions

By combining gel-casting technique with combustion
synthesis, SiC foams with high porosities have been prepared.
The frame of the foams is composed of fine SiC grains of 80—
300 nm, which are tightly bonded and contribute to a high
strength. The flexural strength of the SiC foams increases with a
decreasing porosity and reaches 1.6 MPa with a porosity of
70%.
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